Abstract: Ric-8 is a highly conserved cytosolic protein (MW 63 KDa) initially identified in C. elegans as an essential factor in neurotransmitter release and asymmetric cell division. Two different isoforms have been described in mammals, Ric-8A and Ric-8B; each possess guanine nucleotide exchange activity (GEF) on heterotrimeric G-proteins, but with different Ga subunits specificities. To gain insight on the mechanisms involved in Ric-8 cellular functions it is essential to obtain some information about its structure. Therefore, the aim of this work was to create a structural model for Ric-8. In this case, it was not possible to construct a model based on comparison with a template structure because Ric-8 does not present sequence similarity with any other protein.
Introduction
Ric-8 proteins have been implicated in two different main cellular functions: signaling regulation through G-proteins and asymmetric cell division during embryonic development. 1, 2 Genetic analyses performed in C.elegans, have shown that Ric-8 is essential for synaptic transmission 3 and that its encoded protein is a conserved novel protein required for Gaq and Gao signaling. 1 Also it was observed that Ric-8 is involved in the regulation of centrosome movements during early embryogenesis. 2 The mechanism of action of Ric-8 was unknown until 2003, when Tall et al., 4 used twohybrid screening to isolate two mammalian isoforms of Ric-8, Ric-8A, and Ric-8B, that possessed the ability to interact with G protein a subunits. In vitro biochemical characterization of Ric-8A showed that it is able to stimulate the GDP/GTP exchange of Gai and Gaq, but not of Gas, acting therefore as a receptor-independent GEF for heterotrimeric G proteins. 4 At the same time, our group reported the interaction of human Ric-8B with Gas and Gaq and demonstrated its translocation to the plasma membrane in response to the activation of the corresponding G protein. 5 Interestingly, in contrast to the mechanism used by GPCRs that act on the heterotrimeric form of G proteins, Ric-8 interacts and stimulates the GDP/GTP exchange on the dissociated Ga subunit in the absence of Gbc. 4 In C. elegans embryos, Ric-8 participates controlling the spindle position by modulating Ga activity 6 and the molecular machinery involved in this process is constituted by a complex formed between Ric-8, the nuclear mitotic apparatus protein NlMA, Gai-GDP and PINS. 7 In this work it was found that Ric-8A
induces the dissociation of the complex formed by Gai-GDP/LGN/NlMA in vitro, releasing activated Gai-GTP and NlMA from LGN. Based on these observations, the authors proposed that Ric-8A could be participating in regulating microtubule pulling forces on centrosomes during cell division by catalyzing the dissociation of the Gai-GDP/PIN/NlMA complex. This hypothesis was confirmed, through studies conducted in D. melanogaster and C.elegans which showed that interaction between Ric-8 and Gai1 was essential for cortical localization of Gai1 and asymmetric cell division. 6, [8] [9] [10] [11] In addition, studies performed in dividing mammalian cells demonstrated that over expression of LGN and Gai3 affect the cortical position of the mitotic spindle in symmetrically dividing cells.
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Demonstration of the role of Ric-8A and Ric-8B in G protein signaling regulation came from in vivo studies performed by different groups, which showed that Ric-8 proteins are able to potentiate Gaq, Gaolf and Gas-mediated signal transduction by acting downstream of their corresponding GPCRs. [13] [14] [15] [16] These observations are consistent with Ric-8 acting as a multifunctional protein with the ability to interact with many other proteins besides Ga subunits. Therefore, in order to better understand the cellular functions described for Ric-8, it is essential to know its structure, which at present is unknown. For this reason, the aim of this study was to construct a structural model for Ric-8, through the application of different bioinformatics methods that include folding recognition (threading). The results obtained indicate the presence of an a-alpha super helix folding, which represents the armadillo structure according to SCOP classification. 17 Based on this initial folding prediction,
we constructed a refined model using proteins with known armadillo structures as templates. 18, 19 To corroborate our structural model, we expressed Xenopus laevis Ric-8 in E.coli and the purified protein was subjected to circular dichroism (CD) spectroscopy analysis and thermo stability studies. The spectrum obtained clearly indicated a high level of alpha helix secondary structure and was similar to other proteins composed of armadillo domains.
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Results and Discussion
Ric-8 is an armadillo type protein
To construct a structural model for Ric-8, we first performed a BLAST analysis comparing the Xenopus laevis Ric-8 (xRic-8) amino acid sequence (AAZ23806) with protein data bases (Swissprot and PDB). This analysis revealed that Ric-8 belongs to a unique protein family with no homology to other proteins, making difficult to find a template structure to construct a protein model. The second analysis carried out was a secondary structure prediction study, which showed an exceptionally high level of a-helix content for xRic-8 [ Fig. 1(B) ]. Based on the fact that proteins with different amino acid sequences can share conserved structures, we hypothesized that xRic-8 might be structured by a type of folding previously reported for other proteins. To test our hypothesis, we followed the folding recognition approach and analyzed xRic-8 primary sequence through five different Web servers. Table I shows the five methods used to perform the folding recognition analysis and the top five proteins identified by each method. Interestingly, almost all of them, especially the ones with rank 1 or 2, propose an armadillo-type folding for xRic-8, which is in accordance with our secondary structure prediction analysis [ Fig.  1(B) ]. The armadillo fold, is composed by a righthanded super helical structure formed by three alpha helices folded in a triangle shaped structure, repeated several times and stacked to form a compact domain. Numerous proteins are known to display armadillo folding, with b-catenin the best known and representative example of this protein family. One characteristic of armadillo proteins is their capacity to interact with multiple protein partners and consequently to be involved in a broad range of biological processes such as transcription regulation, cell adhesion, tumor suppressor activity and nucleo-cytoplasmic transport. 19 Interestingly, this feature, of forming protein complexes with several other proteins, has also been observed for xRic-8 by our group (unpublished data). Using xRic-8 as bait, we have identified through a yeast two-hybrid screening two very attractive proteins called DasRa and INCENP, which are constituents of the chromosome passenger complex (CPC), a protein complex that controls chromosome segregation and cytokinesis. 22 
Ric-8 3D model generation
After an armadillo type of folding was discovered for xRic-8, and in the absence of a template to build a homology model, two different approaches were followed to face this problem. First, a refined model was constructed using as template the human b-catenin tertiary structure. The xRic-8 structural model was build using the MODELLER Web server, 23 by aligning the secondary structures of both proteins and conserving the main chain trace. The model was then refined with the SCWRL program, 24 which corrected the positions of the side chains and placed them in the most favorable location, according to the local backbone conformation. This analysis allowed us to eliminate side chain steric clashes, by changing the energetically incorrect conformation of several amino acids and improving the hydrogen bond network. Finally, energy minimization was performed using GROMACS with Gromos 9643b1 force field, 25 which allowed us to relax the structure, improving the interactions in the core of the protein model and minimizing any error. The second strategy, was to build a structural model using the web server I-Tasser, 26 which is a hierarchical protein structure modeling approach based on the secondary-structure enhanced Protein-Profile threading Alignment (PPA). The I-Tasser algorithm consists of three consecutive steps of threading, fragment assembly and iteration. In this method, the target sequence is first threaded through the PDB structure library to identify appropriate local fragments, which will be adopted for further structural reassembly. The unaligned regions (mainly loops) are built by ab initio modeling and finally all fragments are reassembled and the representative structure of each cluster is optimized and ordered by lowest energy. Through both methodologies, we obtained similar results: a structural model for xRic-8 with 10 armadillo domains [ Fig. 1(A) ]. Analysis of these models with Ramachandran plot, showed that more than 90% of the residues are in a favorable conformation, and energetic analysis performed with Prosa 27 showed that the I-Tasser model was energetically more favorable (data not shown).
Another analysis that we made in order to validate our model, was to do an alignment comparison between the secondary structure of our xRic-8 structural model and b-catenin. As can be seen in Figure  1(B) , very similar arrangements along the sequences of the a-helixes that form the different domains are exhibited. The buried aminoacids, highlighted in black boxes, are also well conserved in both structures. For b-catenin, the percentage of buried aminoacids that are hydrophobic is 64% (as deduced from its known tertiary structure) and for xRic-8 is 59% (as deduced from our model), and hydrophilic exposed aminoacids are also very similar in both proteins, being 67% for bcatenin and 76% for xRic-8. In summary, all these features together strongly support and validate our structural model for xRic-8 and allow us to propose it as a member of the armadillo family.
Circular dichroism analysis confirms bioinformatics predictions
To test the proposed model we expressed recombinant His-tagged xRic8 in E. coli and subjected the purified protein (see Fig. 2 ) to biophysical analysis. The high alpha helical content, previously found by secondary structure prediction and fold recognition analysis, was confirmed by circular dichroism. As illustrated in Figure 3(A) , the CD spectrum obtained for xRic-8 corresponds to the typical curve displayed by a-helical proteins, showing a minimum at 208 and 222 nm. Quantification of xRic-8 alpha helical content, by deconvolution of the circular dichroism spectra, gave a value of 82%. These results support the threading 3D 
The table show the top 5 folding obtain from each method. Protein PDB codes are shown in parentheses. Bold indicates proteins with armadillo folding. model obtained by us for xRic-8 and are in good agreement with reported biophysical characteristics of polypeptides containing different number of armadillo domains, b-catenin and a-importin, which displayed an alpha helical content between 40% and 85%, in concordance with the amount of armadillo motifs present in the protein. 28 Interestingly, this kind of folding has also been reported for another GEF protein. 29 To better characterize xRic-8, we also studied its thermo stability by measuring its ellipticity at the minimum of 222 nm in a range of temperature between 20 and 70 C [ Fig. 3(B) ]. The denaturation curve that was obtained is typical of a protein with two structural states with a Tm of 43.1 AE 0.1 C and a DH VH of 394.6
Kcal/mol. The reversibility of the folding was 75% (data not shown). Interestingly, the Tm obtained for xRic-8 is almost identical to that obtained for aimportin by Parmeggiani et al., which was 43 C. 28 This result strongly supports our structural model because a-importin possesses 10 armadillo domains, the same number we are proposing for xRic-8. Parmeggiani et al. 28 in their study, also suggest a direct relationship between the number of armadillo domains and the Tm of the protein. Consistent with this proposal, b-catenin, that contains 12 armadillo repeats, shows a Tm of 58 C.
In summary, the CD spectroscopic analysis and the thermo-stability assay strongly support the structural model we have obtained for xRic-8; consequently we can propose it as a new member of the armadillo family of proteins. The fact that Ric-8 is a member of this family is exciting, because armadillo proteins have been shown to act as ''scaffold proteins,'' interacting with a diverse set of partners and participating in many signalling pathways.
Methodology

Expression and purification of xRic-8
In order to express xRic-8 in bacteria, the corresponding cDNA was subcloned into the pQE81-L vector (Quiagen, Valencia, CA U.S.A.) fused to a hexa-histidine tag at its amino terminus. E.coli BL-21(DE3), harboring the plasmid pQE81-L/xRic-8, were grown in 4 L of LB medium with 100 lg/mL ampicillin at 25 C to an OD 600 of 0.4. Protein expression was then induced by the addition of 50 lM IPTG and incubated for 2 h at the same temperature. After centrifugation, the cell pellet was resuspended in 30 mL of buffer A (50 mM phosphate, pH 8.0, 500 mM NaCl, 5 mM bmercaptoethanol, 20 mM imidazole, and a cocktail of protease inhibitors (Complete, Roche)) and disrupted by sonication. The crude cell lysate was then cleared by centrifugation at 100,000g for 60 min. and the supernatant loaded onto a 3 mL Ni 2þ -nitrilotriacetic acid-agarose resin column (NI-NTA, Novagen), equilibrated in buffer A. After washing the column with 5 volumes of buffer A, the bound proteins were eluted with buffer B (50 mM phosphate, pH 8.0, 500 mM NaCl, 5 mM b-mercaptoethanol, 100 mM imidazole and cocktail of protease inhibitors). Ten 1 mL fractions were collected and 5 lL of each analyzed by SDS-PAGE and stained with Coomassie blue. To confirm the expression of recombinant xRic-8, fractions were also subjected to Western blot analysis, using an antiHis antibody (Clontech). xRic-8 containing fractions were pooled and concentrated by centrifugation in a Centricon tube (Millipore) and imidazole removed by performing several dilutions and centrifugations in buffer 20 mM HEPES, pH 8.0, 250 mM NaCl, 5 mM 2-mercaptoethanol and 1 mM PMSF. Partially purified xRic-8 was then loaded onto a HiLoad Q sepharose (GE) ion exchange chromatography column, equilibrated in a buffer containing 20 mM HEPES, pH 8.0, 250 mM NaCl, 5 mM 2-mercaptoethanol and 1 mM PMSF. After washing the column with two volumes of the same buffer, the protein was eluted with a linear gradient between 250 and 500 mM NaCl with a flux of 1 mL/min during 100 min. Fractions were analyzed by SDS-PAGE, stained with Coomassie blue and also by western blotting using an anti-His antibody. Fresh purified protein was used in all spectral analysis.
CD spectroscopy
Circular dichroism (CD) spectra was performed over a range of 200-250 nm with 0.1 nm increments at a scan speed of 50 nm/min in a Jasco J-715 CD spectropolarimeter. The final concentration of xRic-8 in the analysis was 2.33 mg/mL in buffer 50 mM phosphate pH 8.0 and 200 mM NaCl. Three different samples were scanned in a 1 mm quartz cuvette and the data transformed to MRE (Mean Residue Ellipticity). The contribution of the buffer was subtracted from each value. To estimate the percentage of secondary structure, the CD spectrum was analyzed with the SOMCD software. 30 To study the thermo stability of xRic-8, a heat denaturation curve was performed by measuring the CD signal at 222 nm in the same buffer used for the CD spectra, at a temperature between 20 and 70 C.
The temperature was raised at 0.1 C intervals at a ramp rate of 2 /min, using a Peltier-effect temperature controller and a in-cell temperature monitor. The unfolding melting temperature (Tm) and van't Hoff enthalpy (DH VH ) were calculated with EXAM. 31 
Folding recognition
In order to gain some insights on xRic-8 structure, its amino acid sequence was analyzed with five different Web servers for folding-recognition: HHPRED, 32 I-TASSER, 26 3D-Jury, 33 PSIPRED 34 and SP4. 35 All programs were used with the default parameters.
3D model generation
Two strategies were used to generate a 3D model of xRic-8:
1. Using the MODELLER program on MODELLER servers, 33 utilizing the human b-catenin protein structure as template (PDB code: 1JDH). The model was first refined with the SCWRL program 24 to construct the side chains and subsequently energyminimized with GROMACS. 25 The PROCHECK program was used for stereochemical analysis of the model. 36 2. Using the web server I-Tasser, which is a method were the target sequence is first threaded through the PDB structure library to identify appropriate local fragments. After, the unaligned regions (mainly loops) are built by ab initio modeling and finally all fragments are reassembled and the representative structure of each cluster is optimized and ordered by energy minimization.
Both models were evaluated by Ramachandran plot, 36 Prosa server 27 and by calculating the characteristics of buried and exposed amino acids in the structure. An aminoacid was defined as exposed, when the accessible surface area was higher than 25%.
